The polar overdominance model of inheritance was proposed to explain the non-Mendelian expression of callipyge muscular hypertrophy in sheep. The callipyge locus (CLPG) maps to the distal portion of ovine Chromosome 18 within the DLK1-GTL2 region and corresponds to human Chromosome 14q32, where uniparental disomy (UPD) of the region is associated with multiple congenital anomalies, including growth retardation and obesity. We investigated the porcine DLK1-GTL2 region in a cross of two pig breeds to determine if the callipyge polar overdominance is present in another species. Analyses of the parental origin of DLK1 polymorphism in the F2 offspring found that paternal inheritance of DLK1 allele 2 and maternal inheritance of the allele 1 was significantly associated with decreased fat deposition and increased lean muscle mass, while the opposite parental inheritance of these alleles was associated with slower prenatal and postnatal growth. These results suggest that the polar overdominance mode of inheritance is present in the pig chromosomal region that is homologous to the CLPG locus in sheep. Further study in pigs can provide important insights into understanding the molecular regulation of imprinted genes that are associated with human UPD14 and sheep callipyge phenotypes.
The polar overdominance model of inheritance was proposed to explain the non-Mendelian expression of callipyge muscular hypertrophy in sheep. The callipyge locus (CLPG) maps to the distal portion of ovine Chromosome 18 within the DLK1-GTL2 region and corresponds to human Chromosome 14q32, where uniparental disomy (UPD) of the region is associated with multiple congenital anomalies, including growth retardation and obesity. We investigated the porcine DLK1-GTL2 region in a cross of two pig breeds to determine if the callipyge polar overdominance is present in another species. Analyses of the parental origin of DLK1 polymorphism in the F2 offspring found that paternal inheritance of DLK1 allele 2 and maternal inheritance of the allele 1 was significantly associated with decreased fat deposition and increased lean muscle mass, while the opposite parental inheritance of these alleles was associated with slower prenatal and postnatal growth. These results suggest that the polar overdominance mode of inheritance is present in the pig chromosomal region that is homologous to the CLPG locus in sheep. Further study in pigs can provide important insights into understanding the molecular regulation of imprinted genes that are associated with human UPD14 and sheep callipyge phenotypes.
Polar overdominance (POD) has been defined as the non-Mendelian form of expression of the mutant phenotype associated with the callipyge (CLPG) phenotype in sheep, where only heterozygous individuals having inherited the CLPG mutation from their sire exhibit muscular hypertrophy (Cockett et al. 1996) . The CLPG locus maps to the distal portion of ovine Chromosome 18, corresponding to human Chromosome 14q32 (Cockett et al. 1996) , in which uniparental disomy is associated with multiple congenital anomalies in humans (Sutton and Shagger 2000; Kurosawa et al. 2002) . The causative mutation of this unique parent-of-origin and heterozygote-specific phenotype has been determined by sequencing the ovine genomic region around the CLPG locus (Freking et al. 2002; Smit et al. 2003) . Although the functional roles of the CLPG mutation are largely unknown, it has been suggested that parent-of-origin of the CLPG mutation affects expression levels of imprinted genes in that region and that a trans interaction between these reciprocally imprinted genes, maternally expressed repressor(s) and paternally expressed growth-promoting target(s), causes the observed muscular hypertrophy (Georges et al. 2003) . This is further supported from a recent report of Lin et al. (2003) that found parent-of-origin of a cis-acting regulatory element differentially regulates transcription behavior of imprinted genes in the orthologous genomic region in mice.
Of particular interest among imprinted genes in the CLPG region is the Delta-like 1 (DLK1) gene, also known as ''preadipocyte factor-1'' (PREF1), which is paternally expressed in mice (Schmidt et al. 2000; Takada et al. 2000) , humans (Wylie et al. 2000) , and sheep (Charlier et al. 2001a ). Mice lacking the normal paternal Dlk1 allele display growth retardation, obesity, blepharophimosis, skeletal malformation, and increased serum lipid metabolites (Moon et al. 2002) . The DLK1 gene is overexpressed in skeletal muscle of sheep with the callipyge phenotype (Charlier et al. 2001b) , and its physiological roles suggest that it may be responsible for the observed callipyge phenotype.
Further identification of the POD mode of inheritance associated with the callipyge phenotype has been elusive in other mammals with the exception of the report by Wakasugi (1974) on lethality associated with the ovum mutant locus (om) in one of the reciprocal crosses between inbred strains of mice. Therefore, the primary objective of this study was to determine whether there is statistical evidence of POD associated with the porcine DLK1 locus. This article demonstrates that the inheritance mechanism of POD for callipyge in sheep might have a conserved role for growth and fat deposition phenotypes in pigs and that the DLK1 gene region is associated with the POD phenotypes.
Materials and methods
Resource population and phenotypes. A three-generation resource population of a cross between the Berkshire and Yorkshire breeds of pigs was used. Details of the population structure and measured traits are in Malek et al (2001a,b) . Traits analyzed in this study were associated with typical growth and body composition phenotypes. Traits measured on live animals included preweaning growth [birth weight, 16-day weight (at approximately weaning), and average daily gain from birth to weaning] and postweaning growth (average daily gain on test from weaning to harvest). After harvest, fat deposition traits were measured with backfat thickness at the tenth rib, the lumbar, and the last rib and the average of these backfat measures, which are typically used to measure fat cover on the pig. Traits of muscle tissues were measured by muscle fiber type I % and loin muscle area, which relates to muscle growth along the ribs. Simple correlations between these phenotypic measurements were calculated.
Sequence analysis of porcine DLK1. Primers for use in polymerase chain reaction (PCR) were designed from partial cDNA sequence of porcine DLK1 (GenBank accession No. BI337629). The primer sequences were as follows: forward, 5¢-TCA TGA CCA ACA GCT GCA TC-3¢ and reverse: 5¢-GTA GCG GAG GTT GGA CAC C-3¢. The PCR reaction was performed using 12.5 ng of porcine genomic DNA, 1 · PCR buffer, 1.5 mM MgCl 2 , 0.125 mM dNTP, 0.3 lM of each primer, and .35 U Taq DNA polymerase (Promega, Madison, WI) in a 10-ll final volume. The PCR profile included 2 min at 94°C, 35 cycles of 30 sec at 94°C, 1 min at 60°C, 1 min at 72°C, and a final 15 min extension at 72°C in a PTC 200 thermocycler (MJ Research, Watertown, MA). Amplicons of the founder animals from the Berkshire and Yorkshire intercross were sequenced using dye terminators (Applied Biosystems, Foster City, CA) on an ABI 377 automated sequencer at the DNA Sequencing Facility, Iowa State University (Ames, IA). Sequence software (Gene Codes, version 4.0.5, Ann Arbor, MI) for assembling sequences and identifying polymorphisms was used.
Porcine DLK1 genotyping assay. A reverse primer was redesigned to introduce a BaeI (recognition sequence: ACNNNNGTAPyC) restriction fragment length polymorphism (RFLP) to genotype a single nucleotide polymorphism (SNP); the primer sequences (5¢-TAT GCT GCA GGC AGG TAC CC-3¢) and PCR conditions were the same as above. Digestion with BaeI (New England Biolabs, Inc., Beverly, MA) of the amplicon (170 bp) produced DNA fragments of the following sizes: allele 1 homozygous animals had a single band of 170 bp, heterozygotes had three bands of 170 bp, 140 bp, and 30 bp, and allele 2 homozygous animals had two bands of 140 bp and 30 bp.
Statistical analyses. Genotypes of the BaeI RFLP in the animals from the Berkshire and Yorkshire intercross along with those of 11 other genetic markers on SSC7 (Malek et al. 2001a ) were analyzed for two-point and multipoint linkage using CRIMAP 2.4 to generate a linkage map for the chromosome.
Identification of POD effects requires distinguishing the parental origin of alleles at the locus of interest. Parent-of-origin DLK1 genotypes sd, where s and d (s, d = 1 or 2) represent, respectively, the paternal and maternal alleles received by the individual, were defined for each F2 offspring. For heterozygous F2 offspring with heterozygous parents, inheritance at flanking markers can be used to trace the likely parental origin of the DLK1 alleles, as demonstrated by Nezer et al. (1999) for the IGF2 chromosomal segment. Thus, genotypes at DLK1 and at flanking markers of F0, F1, and F2 individuals were used to derive probabilities P sd of an F2 individual having ordered DLK1 genotype sd, where s refers to the allele received from the F1 sire. Methods described by Haley et al. (1994) were used to derive these probabilities. Accordingly, probabilities for each of the four parent-of-origin genotypes at DLK1 were assigned to each F2 individual. For example, individuals with DLK1 genotypes 11 were assigned probabilities P 11 = 1 and P 12 = P 21 = P 22 = 0. Parentof-origin genotypes and their associated probabilities P sd were then used in association analyses to identify the effects and inheritance mode of the effects associated with the DLK1 polymorphism. General associations between parent-of-origin genotypes and growth and body composition traits were estimated and tested using the following model:
where y is the phenotype of an F2 individual, regression coefficients b sd represent effects associated with DLK1 parent-of-origin genotype sd, and bX represents fixed effects of gender and year-season of birth for all traits, plus the covariates of litter size for preweaning growth and live weight for body composition, backfat measures, and biochemical composition traits. The effect of genotype 22 was set equal to zero to enable solutions to be obtained.
The following models, as derived and defined by de Koning et al. (2002) and Kim et al. (2004) for a QTL scan analysis, were fitted to identify alternate forms of expression associated with the DLK1 genotype:
Mendelian expression:
Paternal expression:
Maternal expression: A sequence of statistical tests was conducted to determine the best model of expression and polar overdominance was declared only if either the type I or the type II POD model fitted the data better than any of the other expression models. First, the type I and II POD models were tested against the null hypothesis of no QTL effect, using an F statistic. If one of the POD models was significant at the 5% pointwise level, three additional tests were performed to determine whether the POD model fitted the data better than Mendelian, paternal, or maternal expression models. We used the following likelihood ratio test statistics for these three tests:
where RSS is residual sum of squares of the corresponding model and n is the number of F2 individuals. Since these tests are not between nested models, significance thresholds were derived by specialized permutations tests that randomly switched genotype probabilities within each F2 individual to create data under the respective null hypothesis models: P 22 vs. P 21 for LRT PAT 
Results
Sequence analysis of porcine DLK1 locus. Amplicons (490 bp) were obtained and the porcine genomic sequence (GenBank accession No. AY172651) showed approximately 87% exonic identity to the corresponding exon 5 in the human DLK1 gene and contained a 150-bp exonic sequence that was missing in the corresponding porcine cDNA sequence (BI337629). This difference indicates alternative splicing in the derived porcine DLK1 cDNA as the corresponding bovine and murine DLK1 regions are also spliced in a similar manner (Fahrenkrug et al. 1999 ). Sequence analysis of the founder animals of the Berkshire and Yorkshire intercross detected two single nucleotide polymorphisms (SNPs) in the coding region of the porcine DLK1 gene, a missense mutation (Lys215-Glu) and a silent mutation (Fig. 1a) . No restriction enzymes were available to directly genotype either SNP, so a BaeI RFLP test was developed for the second SNP using a reverse primer sequence. The BaeI enzyme recognizes ''ACNNNNGTAPyC'' sequence and the genomic sequences have ''ACGGGGGCACC'' or ''ATGGGGGCACC'' sequences (Fig. 1a) . The reverse primer was designed to include the GTA sequence in the PCR products instead of the GCA genomic sequences.
Linkage analysis. Nearly complete segregation of the BaeI polymorphism was observed in F1 animals from the Berkshire and Yorkshire intercross. The two Berkshire grandsires were homozygous for the DLK1 allele 2, eight of the nine Yorkshire granddams were homozygous for allele 1, and the other Yorkshire granddam was heterozygous. Linkage analysis of the DLK1 polymorphism in the intercross mapped DLK1 to the telomeric region of pig Chromosome 7 (Fig. 1b) . Significant linkages of the DLK1 polymorphism were observed with microsatellites SW764 (recombination fraction = 0.06 and LOD = 129.62) and S0101 (recombination fraction = 0.25 and LOD = 27.57), with the following order. S0101-SW764-DLK1. This result was consistent with a comparative map between pig Chromosome 7 and human Chromosome 14 (Goureau et al. 2000).
Correlations among phenotypes. To gain a better understanding of DLK1 genetic effects on growth and body composition phenotypes, relationships among those phenotypes were studied. There were significant correlations among several phenotypes (Table 1) . For example, faster growth on test was positively correlated with more backfat deposition (p < 0.0001). In addition, individuals with higher pre-and postnatal growth have decreased loin muscle area (p < 0.001). There was no significant correlation between preweaning growth and fat deposition measurements. Muscle fiber type I (%) had significant negative correlations Significance as determined by permutation tests. ns-nonsignificant. *p < 0.01, **p < 0.05, ***p < 0.01.
with growth on test (p < 0.02) and loin muscle area (p < 0.05), but the magnitude of the correlations was relatively small.
Polar overdominance effects. In order to obtain results for parent-of-origin phenotypic effects of the DLK1 locus, parental origin of the DLK1 alleles was established. Parental origin could be traced with probabilities greater than 90% and 95% for all but 16 and 33 F2 individuals, respectively. All individuals were, however, included in the analyses because they provide information to better estimate fixed effects.
Estimates of the four parental origin genotypic effects (Table 2) revealed that F2 offspring with a paternally transmitted allele 2 and a maternally derived allele 1 (21 genotype) had significantly lower backfat thickness and greater leanness (loin muscle area) than pigs with other parental genotypic combinations ( Table 2 ). The 21 genotype was also associated with higher growth on test (p < 0.06). In contrast, F2 offspring with the 12 genotype, i.e., a paternally transmitted allele 1 and a maternally transmitted allele 2, had significantly lower birth weight, lower growth rate after birth, and increased fiber type I % ( Table 2) .
To determine the mode of inheritance for the association results, the POD model for DLK1 gene action was tested against three alternative models of expression: Mendelian, paternal, and maternal expression. Significant POD effects as determined by significance of the POD model over all three alternative models at the 0.1 level were detected for all 10 traits, except growth to weaning and last and tenth rib backfat. Significant POD at the 1% level was detected for birth weight, lumbar backfat, average backfat, and muscle fiber type I traits (Table 2). Of the 30 trait-by-POD tests of the declared POD model against the three alternate models of expression (Mendelian, paternal, and maternal), a total of 27, 21, and 10 were significant at the 10%, 5%, and 1% levels ( Table 2) . Of the ten traits evaluated, the POD model was significant against all three alternative models for all but three traits. These numbers of significant tests far exceed the 10% of significant tests that is expected by chance alone. This indicates that several of these effects are real and not due to chance.
Discussion
This study has found clear evidence of POD effects associated with a DLK1 polymorphism for growth, fat deposition, and muscle fiber composition measures in an experimental pig population of the Berkshire and Yorkshire breeds. These results represent findings in another mammalian species of the POD inheritance that was observed in the ovine callipyge locus.
Phenotypic associations based on parental origin of DLK1 alleles showed that F2 pigs with a paternal DLK1 allele 2 and a maternal allele 1 had significantly lower backfat thickness, higher loin muscle growth, and growth on test ( Table 2 ). The direction of these effects is opposite to the observed positive phenotypic correlation between backfat and growth on test (Table 1) . Pigs with opposite parental origin of the DLK1 alleles, i.e., a paternal DLK1 allele 1 and a maternal allele 2, showed significantly slower preand postnatal growth than the other genotypes ( Table 2 ). These parental origin effects on adipogenesis and growth traits are quite similar to the phenotypes observed in Dlk1 knockout mice (Moon et al. 2002) .
The role of the DLK1 protein in inhibiting adipose cell development and differentiation has been well demonstrated in in vitro studies (Smas and Sul 1993; Garces et al. 1999 ). Based on these results, we believe that physiological events associated with DLK1 gene action may be responsible for the observed POD phenotype on fat deposition and growth observed in our population, with a similar molecular mechanism as in callipyge sheep (Georges et al. 2003) . For example, the DLK1 allele 2, which is nearly exclusive in the Berkshire breed in this cross, might be linked to a locus that enhances expression of imprinted genes in cis, without affecting their imprinted status (Charlier et al. 2001b ). Therefore, it appears that maternal inheritance of DLK1 allele 2 can suppress prenatal and postnatal growth. If this were true, maternally derived genomic suppression of prenatal and postnatal growth in the DLK1 region supports the hypothesis of an ''intergenomic conflict,'' i.e., that the paternally derived genome enhances pre-and postnatal growth, while the maternally derived genome suppresses nutritional demands on the mother (Moore and Haig 1991). In sheep, the maternally inherited CLPG allele interferes with expression of the paternal DLK1 allele (Georges et al. 2003) . Similarly, maternal inheritance of alleles associated with the porcine DLK1 allele 2 might suppress paternal expression of DLK or a linked gene. However, F2 pigs with a paternally transmitted DLK1 allele 2 and a maternally inherited DLK1 allele 1 may have higher expression of DLK1 than those of other genotypes and this might be responsible for the observed polar overdominance suppression of fat deposition.
Several porcine genomic segments within the ovine CLPG mutation region, or that were highly conserved between the murine and ovine DLK1-GTL2 region, were sequenced to identify potential causative mutations. No additional polymorphisms were detected (data not shown), and hence a novel porcine locus that is linked to the DLK1 polymorphism might be responsible for the polar overdominance effects on pig growth and body composition traits. Because of the extensive linkage disequilibrium that exists in an F2 cross, the potential location of the causative mutation is not clear. Additional special planned matings and additional genes or markers in this region are needed to further characterize the genetic basis of the observed POD effects in pigs.
Another example of polar overdominance phenotypes in mammals might be polar lethality of the ovum mutant locus (om) from a reciprocal cross between inbred strains of mice (Wakasugi 1974 ). The om locus maps to mouse Chromosome 11 (Baldacci et al. 1992 ). These results suggest that the ovine CLPG locus is not the only locus or phenotype of polar overdominance in mammals.
From a practical perspective, reciprocal crossbreeding of genetic resources has been used to capitalize on heterosis effects in livestock production. Polar overdominance may explain some of the directional heterosis effects that occur in reciprocal crosses. The statistical methods used to identify POD effects at the porcine DLK1 polymorphism in this study have also been applied to a genome scan for POD QTL in line crosses (Kim et al. 2004 ). This study successfully detected other chromosomal regions of likely novel POD QTL in pigs (Kim et al. 2004 ). Identification and utilization of POD QTL will be useful to develop an optimum mating in crossbreeding system for more desirable phenotypes.
In summary, our results clearly found paternally expressed polar overdominance effects on decreased fat deposition and increased muscle mass, similar to the callipyge phenotype in sheep. In addition, we found putative maternally expressed polar overdominance effects on growth, which have not been studied in the callipyge sheep. Further molecular analyses are needed to validate these results and to identify the underlying molecular mechanisms. Nevertheless, the statistical evidence that has been presented here for polar overdominance in the pig opens new opportunities for studying the similarity and differences between the inheritance of phenotypes associated with expression of loci in the DLK1 region in sheep, the homologous region in the pig, and human UPD14. Characterization of inheritance patterns associated with the DLK1 region in the pig is also needed for the improvement of affected traits in commercial breeding programs.
